Aceruloplasminemia is an autosomal recessive disorder resulting in neurodegeneration of the retina and basal ganglia in association with iron accumulation in these tissues. To begin to define the mechanisms of central nervous system iron accumulation and neuronal loss in this disease, cDNA clones encoding murine ceruloplasmin were isolated and characterized. RNA blot analysis using these clones detected a 3.7-kb ceruloplasmin-specific transcript in multiple murine tissues including the eye and several regions of the brain. In situ hybridization of systemic tissues revealed cellspecific ceruloplasmin gene expression in hepatocytes, the splenic reticuloendothelial system and the bronchiolar epithelium of the lung. In the central nervous system, abundant ceruloplasmin gene expression was detected in specific populations of astrocytes within the retina and the brain as well as the epithelium of the choroid plexus. Analysis of primary cell cultures confirmed that astrocytes expressed ceruloplasmin mRNA and biosynthetic studies revealed synthesis and secretion of ceruloplasmin by these cells. Taken together these results demonstrate abundant cell-specific ceruloplasmin expression within the central nervous system which may account for the unique clinical and pathologic findings observed in patients with aceruloplasminemia. ( J. Clin. Invest. 1996. 98:207-215)
Introduction
Ceruloplasmin is an abundant serum ␣ 2 -glycoprotein which contains Ͼ 95% of the copper found in human plasma. This protein is a multicopper oxidase which is synthesized in hepatocytes as a single-chain polypeptide and secreted as a holoprotein with six atoms of copper per molecule. Although copper does not affect the rate of synthesis or secretion of ceruloplasmin, a failure to incorporate copper during biosynthesis results in secretion of an unstable protein that lacks oxidase activity and is rapidly degraded in the serum (1, 2) . In Wilson disease an inability to transfer copper into a common intracellular pool for holoceruloplasmin synthesis and biliary copper excretion results in a marked decrease in the serum ceruloplasmin concentration secondary to rapid turnover of the secreted apoprotein. Consistent with this concept, the Wilson disease gene has been cloned and shown to encode a cation transport P-type ATPase essential for copper transfer into the secretory pathway of the hepatocyte (3) (4) (5) .
Recently, individuals have been identified with diabetes, retinal degeneration, and neurologic symptoms in association with a total absence of serum ceruloplasmin (6, 7) . Molecular genetic analysis of these patients has identified specific inherited mutations in the ceruloplasmin gene (8) (9) (10) (11) (12) . The presence of these mutations in conjunction with the clinical and pathological features indicates an essential role for ceruloplasmin in human biology. Examination of pathologic specimens from affected patients reveals normal histology of the hepatic parenchyma and normal hepatic copper content but a marked elevation in the liver iron concentration. The iron content of the pancreas is also increased with specific accumulation in the islets of Langerhans and selective loss of pancreatic beta cells (13) . These findings suggest a direct role for ceruloplasmin in iron metabolism consistent with early work that identified this protein as a ferroxidase and with recent studies on the essential role of an homologous copper oxidase in iron metabolism in yeast (14) (15) (16) (17) .
Despite evidence of systemic iron overload, patients with aceruloplasminemia present with neurological symptoms due to progressive neurodegeneration of the retina and basal ganglia in association with iron accumulation in these tissues. This unique involvement of the central nervous system distinguishes aceruloplasminemia from other inherited and acquired iron storage disorders and implies that ceruloplasmin plays an essential role in normal brain iron metabolism. As very little, if any, ceruloplasmin crosses the blood-brain barrier under normal circumstances (18) , we hypothesized that this protein might be synthesized locally within the central nervous system, and we have conducted the current study to examine this possibility.
Methods
Materials. Chemicals were purchased from Sigma Chemical Co. (St. Louis, MO). DNA restriction and modifying enzymes were purchased from Promega Corp. (Madison, WI) and used according to manufacturer's specifications. DME was obtained from GIBCO BRL (Grand Island, NY); bovine FCS was from Bio-Whittaker (Walkersville, MA); proteinase K, aprotinin, pepstatin, leupetin and endoglycosidase H were from Boehringer Mannheim Biochemicals (Indianapolis, IN); Hybond-N nylon membranes and 14 C-labeled protein standards were from Amersham Corp. (Arlington Heights, IL); Fuji RX film was from Fisher Scientific (Pittsburgh, PA), and protein A beads were from Repligen Corp. (Cambridge, MA). All radionucleotides and radiolabeled amino acids were purchased from ICN Radiochemicals (Costa Mesa, CA). A rabbit anti-human ceruloplasmin polyclonal antiserum was obtained from Axell (Westbury, NY).
Cloning of murine ceruloplasmin. To isolate murine ceruloplasmin cDNA clones ‫ف‬ 6 ϫ 10 5 recombinant clones from a murine liver cDNA library in gt11 (Clontech, Palo Alto, CA) were screened using a the human ceruloplasmin cDNA (19) . Positive clones were identified, and inserts were amplified by PCR using primers specific for sequences flanking the cloning sites of the phage arms (20) . Amplified DNA was subcloned into pCRII (Invitrogen, San Diego, CA), and the complete nucleotide sequence of each clone was determined (21). Sequence data were analyzed using the PCGene software program from IntelliGenetics (Mountain View, CA).
RNA analysis. C57BL/6J ϫ CBA/J mice were purchased from Jackson Laboratories (Bar Harbor, ME) and housed in the animal care facility at St. Louis Children's Hospital. All mice were maintained on standard laboratory chow and kept in a windowless room on a 12 h/12 h dark-light cycle. Individual organs from adult mice were isolated, pooled, and snap frozen in liquid nitrogen. RNA was isolated by dissolution of tissue or confluent monolayers of cells in guanidinium isothiocyanate followed by cesium chloride gradient centrifugation (22). RNA samples were denatured in formaldehyde containing buffer and electrophoresed in 1% agarose, 2.2 M formaldehyde gels. The size of specific mRNA transcripts was determined using 32 P-cRNA standards of known length. After electrophoresis the RNA was visualized by ethidium bromide staining to ensure that equivalent amounts of intact total RNA were present for each sample. RNA was then transferred to nylon by capillary blotting and immobilized by ultraviolet cross-linking. RNA blots were hybridized with 32 P-labeled cRNA probes (5 ϫ 10 8 cpm/ g) as previously described (23) . The murine ceruloplasmin cRNA probe used for this analysis corresponded to nucleotides 262-788 of the murine sequence. In all cases RNA blots were reprobed with a cRNA probe for ␤ -actin to ensure that equivalent amounts of RNA were present in each lane.
In situ hybridization. In situ hybridization was performed according to the methodology of Simmons et al. (24) with modifications as described (20) . Organs were removed en bloc from mice, rinsed in saline, and immersed in fixative solution containing 10% buffered formalin for 72 h. Sections (5 m) were prepared and subsequently deparafinized and rehydrated in alcohol solutions of descending concentration (20) . Before hybridization, sections were treated with proteinase K and acetic anhydride. For these studies, ceruloplasmin specific probes corresponding to nucleotides 268-788, 1347-1703, and 2209-2632 of the murine cDNA sequence were amplified by PCR, subcloned into pCRII, and sequenced to determine orientation. Sense and antisense cRNA probes were synthesized in 40 mM TrisHCl, pH 7.9, 6 mM MgCl 2 , 10 mM DTT, 2 mM spermidine with 0.5 mM unlabeled dNTPs, and 35 S-UTP as described (25) . After transcription, unincorporated nucleotides were removed by gel filtration, and 3 ϫ 10 7 cpm/ml of 35 S-cRNA was used for in situ hybridization. Hybridization was performed for 20 h at 60 Њ C in 50% formamide, 10% dextran sulfate, 0.3 M NaCl, 1 ϫ Denhardt's solution, 10 mM Tris-HCl, pH 8.0, 1mM EDTA, 0.1 mg/ml tRNA, and 0.1 M DTT. After hybridization, slides were treated with ribonuclease A (20 g/ml) at 37 Њ C for 1 h and washed as described (20) . Slides were then dipped in Kodak NTB2 liquid autoradiography emulsion, exposed for 5-22 d at 4 Њ C, counterstained with haematoxylin and eosin, mounted with DPX-mountant, and examined and photographed using bright and dark-field microscopy.
Primary cell culture. To establish glial and neuronal cell cultures, brain tissue was dissected, minced, dispersed into single cells and plated in 35-mm plastic dishes as previously described (26) . Glial cells were obtained from the cortices of 1-or 2-d-old mice. At this age, the progenitor cells have lost the ability to differentiate into neuronal cells, giving rise to a pure glia cell preparation which contains Ͼ 95% astrocytes (26) . Microglia did not adhere to the plate and were rinsed away when medium was replaced. Glia-enriched cell cultures reached confluency after 10 d in culture. Neuronal cells were obtained from E14-E15 murine embryonic brain tissue. After 2 d in culture glia cell proliferation was inhibited by the addition of 10 M cytosine arabinoside. Based on the characteristic morphology, neuronal and glial cell cultures were assessed to be at least 95% pure before each experiment. All experiments were performed at 2 wk after plating the cells.
Metabolic labeling and immunoprecipitation. Primary cell cultures were labeled in DME containing 250 Ci/ml of 35 S-methionine and 35 S-cysteine. In some experiments, tunicamycin was added 4 h before addition of the radiolabel to a final concentration of 4 g/ml. Cells were lysed in PBS containing 1% Triton X-100, 0.1% SDS, 1 mM EDTA, 2 mM PMSF, 2 g/ml aprotinin, 1 g/ml pepstatin, and 1 g/ ml leupeptin. For immunoprecipitation, an equal volume of PBS containing 1% Triton X-100, 1% SDS, 0.5% sodium deoxycholate, 0.5% BSA, 2 mM PMSF, 2 g/ml aprotinin, 1 g/ml pepstatin, and 1 g/ml leupeptin was added to the cell lysates or media, and these were then precleared overnight with 5 l of preimmune rabbit serum followed by a 1 h incubation with protein A sepharose beads. Ceruloplasmin was subsequently immunoprecipitated from the supernatant using 5 l of a rabbit polyclonal antisera raised against human ceruloplasmin (19) . Immune complexes were precipitated with protein A beads, released by boiling in sample buffer, and analyzed by SDS-PAGE under reducing conditions. In some experiments, immunoprecipitated ceruloplasmin was eluted from the protein A beads in 50 mM TrisHCl, pH 6.8, 0.5% SDS, 0.1M ␤ -mercaptoethanol at 100 Њ C for 5 min. Digestion with endoglycosidase H (50 mU) was then performed in 0.5 vol of 0.15 M sodium acetate, pH 6.0, 2 mM PMSF, 1 g/ml leupeptin, 1 g/ml pepstatin for 16 h at 37 Њ C. In all cases, the amount of sample loaded per lane was adjusted by measuring trichloroacetic acid precipitable radioactivity (23).
14 C-methylated molecular size markers were included in all gels, and after electrophoresis, gels were impregnated with 2,5-diphenyloxazole and dried for fluorography on XR film.
Results
To isolate cDNA clones encoding murine ceruloplasmin, a murine liver cDNA library was screened using a human ceruloplasmin cDNA probe. Several overlapping clones were isolated and the nucleotide sequence of each determined. This sequence encompassed 3363 nucleotides including an open reading frame of 3,185 bases, a 5 Ј untranslated region of 105 nucleotides and 69 nucleotides of 3 Ј untranslated sequence (GenBank accession #U49430). As can be seen from the derived amino acid sequence in Fig. 1 , murine ceruloplasmin is a protein of 1,043 amino acids preceeded by a 19 amino acid signal peptide. Comparison of the murine sequence to human and rat ceruloplasmin reveals 85 and 89% amino acid identity, respectively, with complete conservation of the amino acid ligands essential for binding of the six copper molecules (23, 27) (Fig. 1 ). Of seven potential N-linked glycosylation sites in human ceruloplasmin, five are conserved in the murine sequence as well as an additional sixth site at amino acid 625.
Ceruloplasmin gene expression. To determine the tissuespecific expression of murine ceruloplasmin, total RNA was isolated from adult murine tissues, and RNA blot analysis was performed using a murine ceruloplasmin cRNA probe. This analysis revealed a transcript of 3.7-kb which was readily detected in total RNA from murine liver ( Fig. 2 A , lane 1 ). An identical size ceruloplasmin-specific transcript was also detected in RNA isolated from murine spleen, lung, kidney, and testis, but not in RNA samples from skeletal muscle or small intestine (Fig. 2 A ) . Further analysis of RNA from other systemic tissues including thymus, heart, and various regions of the gastrointestinal tract, did not reveal ceruloplasmin-specific transcripts (data not shown).
To analyze ceruloplasmin gene expression in the central nervous system, RNA was isolated from murine eye and brain and subjected to similar analysis. As can be seen in Fig. 2 B , an abundant 3.7-kb transcript was detected in total RNA isolated from murine eye as well as cortex, cerebellum, and midbrain.
A similar size transcript was also detected in RNA isolated from total brain tissue of 1-d-old mice (Fig. 2 B , lane 5 ) . No size differences were observed in ceruloplasmin mRNA expression in these tissues when compared to findings from liver or other systemic organs. In RNA samples from lung and eye a second, less abundant 4.3-kb transcript was also observed (Fig.  2) . Further analysis using RNA isolated from peripheral blood cells failed to detect any ceruloplasmin transcripts indicating that the results observed for individual organs were not due to ceruloplasmin gene expression in leukocytes from residual blood at time of RNA isolation (data not shown).
To characterize the cell-specific expression of the murine ceruloplasmin gene, in situ hybridization was performed on all tissues in which a ceruloplasmin transcript was detected. As anticipated, when a section of adult liver was studied, abundant ceruloplasmin mRNA was detected in hepatocytes distributed homogeneously throughout the hepatic parenchyma with no signal present in the endothelium or biliary epithelium surrounding the portal spaces (Fig. 3, A and B ) . In all these studies no signal was detected using the corresponding sense strand cRNA probes or after pretreatment of the slides with RNAse A (data not shown). Ceruloplasmin mRNA was detected in the splenic reticuloendothelial system concentrated in the marginal zone and scattered throughout the red pulp (Fig. 3, C and D ) . On higher power this expression was found to be confined to macrophages with no ceruloplasmin transcripts in endothelial cells (data not shown). No ceruloplasmin expression was observed in lymphocytes constituting the white pulp of lymphoid follicles (Fig. 3, C and D ) . In the lung, abundant ceruloplasmin gene expression was observed in ciliated and nonciliated epithelium lining the bronchioles and larger airways (Fig. 3, E and F ) . Pulmonary ceruloplasmin gene expression was confined to this epithelium with no expression detected in the lung parenchyma or associated blood vessels.
Less abundant but distinct ceruloplasmin gene expression was also detected by in situ hybridization in testicular Leydig cells and the epithelium of the distal collecting tubules of the kidney (data not shown).
Abundant ceruloplasmin gene expression was detected in total RNA from the murine eye. To determine if this expression was within the central nervous system, in situ hybridization was performed. This analysis revealed cell-specific ceruloplasmin mRNA in the retina confined to the Müller cells in the inner nuclear layer and to astrocytes within the ganglion cell layer (Fig. 4 A and B ) . At higher power, no ceruloplasmin gene expression was observed in any of the multiple neuronal cell types within the retinal tissue which were readily identified as larger nucleated cells. The scattered signal seen on darkfield in the region of the rods and cones is nonspecific due to grains from the underlying retinal pigment epithelial cells and was observed on these slides before hybridization (Fig. 4 B ) . In addition to the retinal glia, nonpigmented epithelial cells lining the choroid layer in the anterior part of the eye were found to express ceruloplasmin mRNA, and this was most clearly observed in the ciliary body (data not shown).
To characterize the cells involved in ceruloplasmin gene expression in the brain, sagittal and coronal sections through different parts of the murine brain were analyzed by in situ hybridization using ceruloplasmin-specific cRNA probes. As can be seen in Fig. 5 , cell-specific expression of ceruloplasmin mRNA in the adult brain was detected in epithelial cells of the pia-arachnoid, the ependymal cells lining the ventricles, and the choroid plexus (Fig. 5, A -E ) . In these studies, the brain parenchyma was also consistently labeled in a diffuse punctate manner suggesting that ceruloplasmin gene expression was lo- The open reading frame in the overlapping cDNA clones was translated and aligned with the amino acid sequences of human and rat ceruloplasmin. The first 19 amino acid residues form the putative signal sequence. Gaps (-) were introduced to obtain maximal identity. * indicate the essential amino acid residues forming the type I copper ligands; ᭞ indicates the amino acids essential for formation of the trinuclear copper cluster. calized to a specific cell type in this tissue (Fig. 5 D ) . This pattern was observed throughout the brain parenchyma, including the basal ganglia and, upon careful examination, was found to be largely confined to astrocytes in close association with cerebral microvasculature (Fig. 5 F ) . In addition, some astrocytes not obviously associated with the microvasculature were found to express ceruloplasmin mRNA but in no case was specific signal observed in neurons (data not shown).
Ceruloplasmin biosynthesis. Ceruloplasmin gene expression in astrocytes within the retina and brain was further examined using primary cultures of murine neurons and glia. Total RNA was isolated from these primary cell cultures, and ceruloplasmin gene expression was examined by RNA blot analysis. As shown in Fig. 6 A , this analysis revealed abundant expression of a 3.7-kb ceruloplasmin-specific mRNA in RNA isolated from primary glia cells. A much less abundant 4.3-kb Figure 3 . In situ hybridization of murine liver, spleen, and lung with ceruloplasmin-specific cRNA probes. Tissues were prepared as described in Methods and analyzed following in situ hybridization using bright (A, C, and E) and dark-field (B, D, and F) microscopy. Murine liver (A and B) with portal vein (pv), bile duct (bd), biliary artery (a), and hepatocytes (h) as shown. Arrowheads indicate endothelium and biliary epithelium. transcript identical to that observed in murine lung and eye was also detected in glial cell RNA, and both transcripts were absent in the RNA from neuronal cells. Reprobing of this blot with a ␤ -actin-specific probe confirmed that equivalent amounts of total RNA were loaded in each lane (Fig. 6 B ) .
The availability of glia cell cultures expressing the ceruloplasmin gene permitted study of ceruloplasmin biosynthesis and secretion. Primary glial and neuronal cells were pulselabeled for 90 min, and cell lysates were immunoprecipitated with an antibody to human ceruloplasmin. A protein of 132-kD was detected by this method in cell lysates from the glial but not the neuronal cells (Fig. 6 C ) . The specificity of the antisera was confirmed by preincubation with human ceruloplasmin before immunoprecipitation (Fig. 6 C , lane 1 ) . No specific band was seen when lysates were immunoprecipitated with preimmune sera (data not shown).
To further examine the biosynthesis and secretion of murine ceruloplasmin in these glial cell cultures, pulse-chase studies were performed. These data revealed that murine ceruloplasmin was synthesized as a precursor polypeptide of 130-kD apparent molecular mass which was converted after 15 min to a mature peptide of 132-kD (Fig. 7 A ) . Starting at 15 min, but more apparent after 1 h of chase, this 132-kD band was also detected in the culture medium. Secretion of the 132-kD species was almost complete after 2 h of chase, although some of the 130-kD band remained intracellular at this time point (Fig.  7 A) . In chase incubations up to 8 h, this 132-kD band was almost completely recovered in the medium with Ͻ 5% of the total ceruloplasmin-specific radioactivity remaining as the intracellular 130-kD band (data not shown).
To directly compare the posttranslational modification and secretion of ceruloplasmin in glia to that observed in hepatocytes, further biosynthetic studies were performed. The derived amino acid sequence of murine ceruloplasmin reveals multiple potential N-linked glycosylation sites, and, consistent with this data, tunicamycin treatment of glial cells before metabolic labeling and immunoprecipitation resulted in a mobility shift to a 120-kD species, in good agreement with the predicted molecular mass (Fig. 7 B, lanes 1 and 2) . Treatment of the immunoprecipitated ceruloplasmin with endoglycosidase H resulted in a similar shift of apparent molecular weight with no difference in size observed between samples digested from control or tunicamycin treated cells (Fig. 7 B, lanes 3 and 4) . When this experiment was repeated after a 30-min chase period the 132-kD polypeptide was now apparent in the cell lysates (Fig. 7 B, lane 5) and this mature form was found to be resistant to endoglycosidase H digestion (Fig. 7 B, lane 6) , indicative of modification of N-linked oligosaccharide chains in the medial Golgi before ceruloplasmin secretion.
Discussion
Aceruloplasminemia is a newly recognized disorder of iron metabolism resulting from inherited mutations in the ceruloplasmin gene. The most striking and unique feature of this disease is the progressive neurodegeneration which results in the clinical presentation of dementia, dysarthria, and dystonia. Although iron is an abundant and essential trace metal in the brain, other acquired and inherited disorders of iron overload do not effect iron metabolism or turnover in the brain except in regions lacking a blood-brain barrier (28, 29) . Consistent with this concept, previous studies in developing animals revealed that the acquisition and redistribution of iron in the brain is largely independent of iron metabolism in the periphery (30, 31). As brain iron homeostasis is not perturbed by abnormalities in systemic iron metabolism, the clinical and pathologic observations in aceruloplasminemia suggest that ceruloplasmin has a unique and direct role in normal iron metabolism in the human central nervous system. Although transferrin and other proteins involved in systemic iron metabolism are expressed in the brain, the function of these proteins in the central nervous system is unknown, and the molecular mechanisms regulating iron metabolism in the brain remain unidentified (32) .
Consistent with the concept that ceruloplasmin is essential for brain iron metabolism, the data in this study demonstrate abundant ceruloplasmin gene expression at both the brain-CSF (choroid plexus) barrier and the blood-brain barrier. Specifically, the expression of ceruloplasmin by astrocytes within the retina and throughout the cerebral microvasculature re- Figure 4 . In situ hybridization of the murine retina with ceruloplasmin-specific cRNA probes. In situ hybridization was performed as described in Methods, and slides were examined with bright-field (A) and corresponding darkfield (B) microscopy. Murine retina (A and B) with rods and cones (r&c), outer nuclear layer (onl), outer plexiform layer (opl), inner nuclear layer (inl), inner plexiform layer (ipl), and ganglion cell layer veals that this protein is produced behind the blood-brain barrier suggesting that the absence of this expression in affected patients may account for the iron accumulation in these tissues (see below). The specific pattern of ceruloplasmin gene expression in the retina was identical to that observed for actin gene expression in Müller cells and astrocytes in the murine retina (33) . The expression in the brain is not observed in all astrocytes but rather identifies a unique subpopulation of Figure 5 . In situ hybridization of murine brain with ceruloplasmin-specific cRNA probes. In situ hybridization was performed as described in Methods and slides examined with bright-field (A, C, E, and F) and corresponding dark-field (B and D) microscopy. Exposures of sagittal sections of adult mouse brain (A-D) and higher magnification of choroid plexus (E) and brain parenchyma (F) as shown. Murine cortex and hippocampus (A and B) and cortex and cerebellum (C and D) with corpus callosum (cc), hippocampus (hpc), ventricle (v), subarachnoid space (ss), pia mater (pm), outer granular layer (ogl), plexiform layer (pl), molecular layer (ml), and granular layer (gl) as indicated. The arrowhead illustrates neurons in the granule cell layer of the dentate gyrus of the hippocampus; the arrows demarcate epithelial cells of the pia and arachnoid with associated large blood vessels; the open arrow points to ependymal cells in the ventricle. Original magnifications: ϫ64 (A and B) , ϫ125 (C and D). (E and F) ventricle (v), choroid plexus (cp), neuronal cells (n), perivascular astrocytes (pva); Arrows point to epithelial cells of the choroid plexus (E) and to astrocytes in association with the brain microvasculature (F). Original magnification: ϫ400 (E), ϫ1,000 (F). these glial cells predominantly surrounding the microvasculature. Astrocytes in this region have been shown to contribute directly to the blood-brain barrier, and ceruloplasmin gene expression appears to be a unique molecular marker for these Figure 6 . Expression of ceruloplasmin in primary cell cultures. Glial and neuronal cells were prepared as described in Methods. (A) RNA blot containing 15 g of total RNA isolated from primary cell cultures and hybridized with a 32 P-labeled murine ceruloplasmin-specific cRNA probe. Blot was exposed for 15 h to film at Ϫ70ЊC. (B) blot was stripped and reprobed with a 32 P-labeled murine ␤-actin cRNA probe and exposed to film for 1 h at Ϫ70ЊC. The mobility of the ethidium bromide stained ribosomal RNA species is indicated. (C) Newly synthesized proteins in confluent dishes of glia (lanes 1 and 2) and neurons (lane 3) were labeled with 35 S-methionine and 35 S-cysteine for 90 min. Equal amounts of radioactivity were subjected to immunoprecipitation with anti-human ceruloplasmin antisera with (control, lane 1) or without (lanes 2 and 3) before incubation with 45 g of human ceruloplasmin. Immunoprecipitates were analyzed on 7.5% SDS-PAGE as described, and M r markers are indicated. 1-4) or 30 min (lanes 5-8) in medium containing excess methionine and cysteine. If applicable, tunicamycin was continuously present during the pulse and chase periods. Ceruloplasmin was immunoprecipitated from aliquots of cell lysates. In this experiment the radioactivity in the samples corresponding to lanes 3, 4, 7, and 8 was 50% of that in lanes 1, 2, 5 , and 6. The immunoprecipitates were incubated in digestion buffer with (ϩ) (lanes 2, 4, 6, and 8) or without (Ϫ) (lanes 1, 3, 5, and 7 ) endoglycosidase H for 16 h at 37ЊC and analyzed on 6% SDS-PAGE as described in Methods.
cells (34) . The biosynthesis and secretion of ceruloplasmin at these sites is confirmed by the observations in primary cultures since previous characterization has revealed that the glial cells obtained in this fashion are highly enriched in astrocytes (Ͼ 95%) (26) . Although oligodendrocytes are also present in these preparations (Ͻ 5%), in situ hybridization of the primary cell cultures revealed abundant ceruloplasmin mRNA in the majority of cells, consistent with astrocyte-specific expression (data not shown). These observations are consistent with previous reports of ceruloplasmin gene expression in the rat choroid plexus and ceruloplasmin synthesis in astrocyte cultures from adult rat brain (35, 36) . The observation that transferrin is synthesized in oligodendrocytes (32) indicates that, in contrast to the liver, distinct cell types are responsible for the biosynthesis of ceruloplasmin and transferrin in the central nervous system.
The marked homology of murine and human ceruloplasmin reported here implies species conservation of function and suggests that these findings will be relevant to understanding the role of ceruloplasmin in human iron metabolism. In support of this concept, extrahepatic ceruloplasmin gene expression was observed in multiple murine systemic tissues analogous to observations on ceruloplasmin gene expression in human tissues (37, 38) . In those tissues expressing ceruloplasmin, a larger 4.3-kb ceruloplasmin-specific transcript was also observed at varying levels of expression. RNAse protection experiments using probes derived from the coding region of murine ceruloplasmin revealed that this larger transcript was not due to variations within the coding region (data not shown). Ceruloplasmin transcripts were detected in splenic reticuloendothelial cells concentrated in the marginal zones of the periarteriolar lymphoid sheets, consistent with data demonstrating ceruloplasmin gene expression in rat macrophages and human macrophage cell lines (39, 40) . In the spleen, these cells are responsible for the efflux of iron into the plasma after phagocytosis and digestion of senescent erythrocytes. Previous studies in copper-deficient animals suggested a direct role for ceruloplasmin in iron efflux from the reticuloendothelial system via ferrous iron oxidation, and it is possible that local ceruloplasmin production in these cells facilitates this process (14) (15) .
Murine ceruloplasmin gene expression was also detected in the bronchiolar epithelium of the lung. A similar observation in the murine and baboon lung has recently been reported, and, taken together, these data suggest that this epithelium is the site of synthesis of ceruloplasmin detected in human pulmonary lavage fluid (41, 42) . Pulmonary ceruloplasmin gene expression is increased during inflammation and hyperoxia, and these data suggest that ceruloplasmin may function as an antioxidant in the airways mediated via the ferroxidase activity (39, 43) . High affinity iron acquisition from the environment is an essential determinant of bacterial virulence and expression of ceruloplasmin in this epithelium may also represent an important host-defense to limit ferrous iron availability to invading pathogens (44) .
The mechanisms of systemic iron accumulation in aceruloplasminemia are presumed to result from rapid ferrous iron uptake in the liver, pancreas, and other tissues due to the loss of ceruloplasmin ferroxidase activity. This would be consistent with kinetic observations made in copper-deficient animals and implies that the oxidation of iron for subsequent binding to transferrin is an essential function of ceruloplasmin (14, 15) . Iron accumulation in these organs would then be analogous to that observed in atransferrinemia where an inability to transfer iron into transferrin results in excess ferrous iron accumulation in tissues (45) . In contrast, the mechanisms of iron accumulation in the retina and brain are unknown. Taken together with the mechanisms noted above, the data presented here suggest that ceruloplasmin may function to promote iron efflux from cells in the central nervous system. The kinetics of biosynthesis, glycosylation, and secretion by glia data are identical to that observed for ceruloplasmin in hepatocytes (1, 2) , supporting the concept of a similar extracellular role for this protein in the central nervous system. In the absence of this protein, iron would be unable to move into the brain extracellular fluid and CSF for eventual excretion. As indicated above, this process is normally slow and largely independent of the systemic circulation, and this would then account for the onset of symptoms later in life.
The mechanisms of brain injury and neuronal loss in aceruloplasminemia are also unknown. The degeneration of retinal photoreceptors and ganglion cells and the marked neuronal loss in the basal ganglia may result from oxidant induced freeradical generation associated with ferrous iron accumulation. Brain iron accumulation in association with neurologic symptoms has been observed in Hallervorden-Spatz disease, but the mechanisms of iron accumulation in the basal ganglia of these patients and the relationship of this to clinical symptoms is unknown (46) . A direct role for iron-mediated tissue injury in the brain is supported by studies on the role of this metal in oxidant-mediated ischemia-reperfusion injury after stroke and cerebral hemorrhage and by data which demonstrate marked abnormalities in iron metabolism in a number of neurodegenerative disorders (47) . In this regard, previous studies have revealed age-related decreases in human ceruloplasmin oxidase activity in the plasma, making it reasonable to speculate that such changes in the brain, in association with other environmental or genetic factors, may contribute to neurodegeneration observed with aging (48) . In addition to iron accumulation, absence of ceruloplasmin ferroxidase activity in the retina and brain may result directly in tissue injury due to loss of an essential antioxidant function. This mechanism is consistent with recent studies that reveal a marked increase in plasma lipid peroxidation in patients with aceruloplasminemia (49) .
The observation of murine ceruloplasmin expression in the same central nervous system tissues which are affected in patients with aceruloplasminemia suggests a direct role for the absence of local expression of this protein in the iron accumulation and tissue injury in this disorder. These findings are supported by observations which demonstrate the ineffectiveness of systemic chelation therapy in removing the brain iron or ameliorating symptoms in patients with aceruloplasminemia (13). Nevertheless, it remains possible that the central nervous system iron accumulation and tissue injury in this disease is dependent only upon the loss of plasma ferroxidase activity or a different previously characterized function of plasma ceruloplasmin (50) . Clarification of this important issue will require the development of an animal model of aceruloplasminemia by homologous recombination, and such studies are currently in progress. The genetic characterization of aceruloplasminemia provides initial insight into the specific role of ceruloplasmin in iron metabolism in the brain. The data reported in this study suggest that further analysis of the function of ceruloplasmin within the central nervous system may be of value in elucidating the mechanisms of neuronal loss in aceruloplas-minemia and perhaps in other neurodegenerative disorders where abnormalities in iron metabolism have been demonstrated (51, 52) .
